The effect of Y addition on the glass forming ability (GFA) of in Fe 70 TM(TM=Mn, Mo, Ni) 13 B 17 alloys have been examined in the present study. Substitution of 3-10 at% Fe with Y improves the GFA. Fe 70Àx Mn 13 B 17 Y x (x ¼ 5) and Fe 70Àx Mo 13 B 17 Y x (x ¼ 3) alloys exhibit high T rg (¼ T g =T l ) (>0:55) and (¼ T x =½T l þ T g ) (>0:37) values enabling fabrication of 1 mm diameter bulk metallic glass. The GFA improves when addition of Y decreases the melting temperature, and, at the same time, increases the crystallization onset temperature. Extended Kissinger analysis of the DSC data indicates that a kinetic boundary condition for the formation of the amorphous phase widens by addition of Y.
Introduction
Recently, many new alloy systems requiring a relatively low critical cooling rate (<100 K/s) for glass formation have been developed, enabling the fabrication of large size bulk metallic glass (BMG) components. 1, 2) Since the 1980's, Febased glassy alloys have been extensively developed for magnetic and structural applications. [3] [4] [5] [6] For the Fe-based glassy alloys exhibiting a relatively large glass forming ability (GFA) such as Fe-TM (Transition Metal)-B alloy systems, 2, 5) it has been generally known that the addition of metalloid elements such as B, C and P up to 20 at% is necessary for the enhancement of GFA. Recently, it has been reported that small addition of Y in multi-component Fe-ZrMo-Co-Al-Cr-B glassy alloys can improve the GFA by an oxygen scavenging effect through the formation of yttrium oxide in the alloy melt, thereby suppressing the heterogeneous nucleation. 7) The previous result 7) indicates that the effect of addition of Y in Fe-TM-B alloy system needs to be more systematically investigated.
Therefore, in the present study, effect of small addition of Y has been investigated in the Fe-TM(TM=Mn, Mo, Ni)-B ternary systems. The heats of mixing in the Fe-Y and B-Y binary systems are À1 kJ/mol and À35 kJ/mol, 8) respectively, and the atomic size of Y (1:82 Â 10 À10 m) is larger than those of Fe (1:24 Â 10 À10 m) and B (0:9 Â 10 À10 m), which is believed to be favorable for the increase of the packing density of the amorphous phase, thus improving the glass forming ability. To investigate the effect of Y, Fe was replaced with Y. To keep the Fe content >60 at%, the content of TM and B were fixed at 13 at% and 17 at%, respectively. In binary Fe-B system, eutectic reaction occurs at the composition of 17 at% B. To examine the validity of above hypothesis, we performed next experiments. First, variations of the glass transition temperature, the crystallization temperature and the melting temperature with Y addition were studied by thermal analysis in melt-spun Fe 70Àx TM(TM=Mn, Mo, Ni) 13 B 17 Y x (x ¼ 0, 3, 5, 10) alloys.
Secondly, to examine the GFA bulk glassy samples were prepared by injection casting method.
Experimental
Alloy ingots with compositions of Fe 70Àx TM(TM=Mn, Mo, Ni) 13 B 17 Y x (x ¼ 0, 3, 5, 10 at%) were produced by arc melting of high purity elemental components. Melting operations have been repeated 3-4 times for the purpose of homogeneous distribution of the components. Rod type ingots were produced by injection casting into copper mold with diameters of 1 and 2 mm under a purified Ar gas atmosphere. For comparison, amorphous ribbons of each composition with a cross section of about 0:025 Â 1 mm 2 were also produced by the melt spinning technique under Ar atmosphere.
The presence of amorphous or crystalline phases was identified by X-ray diffraction (XRD, Rigaku CN-2301 X-ray diffractometer). The microstructural analysis was performed using optical microscopy and scanning electron microscopy (SEM, Hitachi S-2700) equipped with energy-dispersive spectroscopy (EDS). The thermal stability of the amorphous phase (glass transition and crystallization) was investigated using differential scanning calorimetry (DSC, Perkin-Elmer DSC7) during heating at various heating rates between 0.083 and 0.677 K/s. The onset and termination of the melting were measured by differential thermal analysis (DTA, PerkinElmer DTA7) during heating at a rate of 0.333 K/s. The XRD patterns obtained from the melt-spun alloys with x ¼ 0, 3, 5 and 10 are shown in Fig. 3 . As expected from the DSC and DTA analyses, the XRD patterns from the meltspun alloys with x ¼ 3 and 5 showed a diffused halo peak characteristic of an amorphous phase. The XRD pattern from the melt-spun alloy with x ¼ 0 showed sharp crystalline peaks from -Fe and Fe 2 B, while that from the melt-spun alloy with x ¼ 10 showed sharp crystalline peaks from Although all the DTA traces exhibited an exothermic peak due to crystallization and an endothermic peak due to melting, no glass transition behavior was observed in DSC traces taken from the melt-spun alloys as shown in Figs. 5(a) and (b). The crystallization onset temperature continuously increased from 736 K at x ¼ 0 to 931 K at x ¼ 10. The T m decreased with increasing x from 0 to 3, and then increased slightly with increasing x up to 10. The T L decreased gradually with increasing x from 0 to 10. Therefore, the minimum T L ¼ 1378 K was observed at x ¼ 10. In particular, a single endotherm was observed in the alloys with x ¼ 5 and 10, indicating that the alloy compositions were near pseudoeutectic composition. The XRD patterns obtained form the melt-spun alloys with x ¼ 0, 3, 5, 10 (not shown) showed a diffuse halo peak characteristic of the amorphous phase.
Fe

Bulk glass formation
The thermal data obtained from the DTA and DSC analyses for Fe 70Àx TM(TM=Mn, Mo, Ni) 13 B 17 Y x (x ¼ 0, 3, 5 and 10) alloys are summarized in Table 1 . To evaluate the GFA, injection casting experiment was performed using Cu molds having cylindrical cavities with diameters of 1 mm and 2 mm. Since the cooling rate is inversely proportional to the diameter of ingot, the maximum diameter for glass amorphous formation can be considered as a real parameter reflecting the GFA. transition and crystallization behavior similar to the result obtained from the melt-spun ribbon (Fig. 2(b) ), i.e. the glass transition temperature and crystallization enthalpy (ÁH x ) were almost same, although the crystallization onset temperature decreased by about 12 K, as shown in Table 2 . The ÁH x of the first crystallization reaction for the 2 mm diameter injection-cast alloy, however, decreased significantly ( Fig.  2(d) ), indicating the formation of mixed structure of amorphous and crystalline phases due to insufficient cooling rate during solidification. The XRD pattern from the 1 mm diameter sample ( Fig. 6(a) ) showed a diffuse halo peak indicating an amorphous structure, but that from the 2 mm sample ( Fig. 6(b) ) showed sharp crystalline peaks from -Fe and Fe 2 B superimposed on the diffuse halo peak. (Fig. 4(b) ), as shown in Table 2 . However, sample with the diameter of 2 mm showed a significantly lower ÁH x value. The XRD pattern of the sample with the diameter of 1 mm (Fig. 6(c) ) showed a diffuse halo peak indicating an amorphous structure, but that from the 2 mm sample (Fig. 6(d) Figures 5(c) and (d) show the DSC traces obtained from the injection cast Fe 70Àx Ni 13 B 17 Y x (x ¼ 5, 10) bulk specimens with the diameter of 1 mm. The ÁH x was significantly small compared with that from the melt-spun ribbon, indicating that the glass forming ability was not sufficient to form the bulk sample with the diameter of 1 mm.
Discussion
The present study clearly shows that the GFA improves when small amount of Y is added in Fe-TM-B alloy systems. Table 1 includes the parameter representing the glass forming ability, alloys, the alloy with x ¼ 10 has the highest value of T x =T L parameter, indicating that the glass forming ability improves with increasing x. It can be noted that the glass forming ability in Fe-TM-B-Y alloys improves, when the addition of Y decreases the melting temperature and, at the same time, increases the T x and T g . For the case of Fe-Mo-B-Y alloys, it is probable that the improvement of GFA is influenced by the large increase of the T x and T g with increasing Y addition, thereby increasing the values of
and T x =T L , in spite of the increase of melting temperature (see Table 1 ).
The decrease in melting point and increase of T x indicates that the liquid phase including glass state is stabilized with respect to competing crystalline phases. The stabilization of the liquid phase can be achieved by increasing the atomic packing density and by forming short-range compositional order in the liquid phase. 13) A large atomic size difference between Y and Fe, B is favorable to increase the atomic packing density of the liquid structure. It has been reported that the Fe-TM-B and Fe-Ln(lanthanide)-B glassy alloys consist of unique network-like structures in which trigonal prism are connected densely with each other in an edgesharing mode through multi-bonding atoms of Ln and TM. 14, 15) Especially, Nakamura et al. has pointed out that the prisms exhibit distorted shapes due to the atomic size difference between TM and Fe (Ár) through the X-ray scattering and EXAFS analyses, and also suggested that thermal stability of Fe-TM-B metallic glasses is attributed to the difficulty in rearranging the irregular structural units due to the presence of Ár.
14)
The larger enthalpies of mixing between Y and B (À35 kJ/ mol), compared to that between Fe and B (À11 kJ/mol), can contribute to the stabilization of the liquid phase by changing the local atomic structure. Furthermore, the present study also indicated that the optimum Y content (maximum addition is 10 at%) for improvement of GFA differently depends on the TM elements, i.e., 5 at%, 3 at% and 10 at% for Mn, Mo and Ni, respectively. Based on the results of XRD analysis, it is concluded that competing crystalline phases in Fe-TM-B alloys differently depend on the alloy composition (TM and Y). As shown in Figs. 2 and 6 , it is believed that the variation of the optimum Y content can originate from the different interactions between Y element and other components in the liquid alloys. Also, the different values of heat of mixing between Y and TM elements (i.e., Y-Mn: À1 kJ/mol, Y-Mo: 24 kJ/mol and Y-Ni: À31 kJ/mol) would provide a different atomic bonding and thus a different geometrical network before solidification. However, in general, it is clear that the limited addition of Y in Fe-TM-B alloys improves the glass forming ability.
As can be seen in Table 1 , the addition of Y atoms increases the crystallization onset temperature, improving the thermal stability of the amorphous phase. Figure 7 shows the influence of Y content on the crystallization onset temperature of the amorphous Fe 70Àx TM(TM=Mn, Mo, Ni) 13 B 17 Y x alloys. Interestingly, the variation of the crystallization onset temperature with addition of Y atoms shows a linear relationship, indicating that the addition of Y up to 10 at% in Fe-TM-B alloy system is strongly effective in improving the thermal stability of amorphous phase. In the present study, the thermal stability of the Fe-TM-B-Y amorphous phase with various heating rates is analyzed using Kissinger plot in which lnð=T 2 Þ versus 1=T plot shows a linear relationship as shown in the following equation; [16] [17] [18] [19] ln
(E: activation energy for nucleation and growth; R: gas constant; : heating rate, t h ¼ ðT À 298Þ=Þ: time needed to reach T; K o : frequency factor)
The crystallization rate constant (K T ) indicating the frequency for an atom having energy E to join the cluster or nuclei at temperature T, can be obtained by Arrhenius equation,
(1) at temperature T can be calculated by;
where, ÀE=R and C (¼ lnðEK o =RÞ) are the gradient and intercept value on the linear fit of the Kissinger plot, respectively. The underlying factors for this estimation are an identification of atomic frequency for nucleation and growth kinetics for crystallization (e.g. K T ). The use of the corollary of Kissinger analysis has been widely accepted and utilized for judging the relative thermal stability in terms of theoretical estimations, 16, 19) since the obtained values from Kissinger analysis is comparable with those from other estimations. In general, peak temperature of crystallization (T p ) is used in Kissinger analysis to investigate the maximum transformation rate during crystallization of glass and to reduce the experimental error in temperature measurement by measuring the peak temperature. However, T p can be substituted by onset temperature of crystallization (T x ) in order to calculate a continuous heating transformation curve for the devitrification of glass, which indicates an actual starting point (i.e., onset temperature and time) for the transformation from glass to crystalline phase under various heating rates. Using the experimental data from the DSC analysis obtained during heating with various heating rates (0.167, 0.333, 0.667 K/s), the variation of crystallization onset temperature with heating time is calculated. Based on the linear relationship of lnð=T x 2 Þ versus 1000=T x , CHT curves showing the relationship between T x and corresponding heating time for the Fe-TM-B-Y alloys have been obtained using eq. 2 (see Fig. 8 ). The values of kinetic parameters needed for calculation are listed in Table 3 . The correlation coefficient (r) for regression is higher than 0.93. (Fig. 8(a) ) exhibits larger curvature when compared with those of other CHT curves, indicating higher heating rate dependence of crystallization onset temperature due to smaller activation energy (E) and frequency factor (K o ) i.e., lower temperature dependence of K T (see Table 3 ). The thermal stability of glass against crystallization is mainly dependent on the required atomic mobility for nucleation and growth of a crystalline phase, especially at the temperature range near T g and T x . For the case of linear heating, the lower atomic mobility and its lower temperature dependence suppresses the devitrification of glass, because a lager incubation time and higher temperature are required. Atomic mobility required for crystallization of glass is strongly dependent on the type of devitrification process (e.g., primary, polymorphous and eutectic-type transformation, etc.). In fact, Louzguine et al. have pointed out that the curvature of CHT curve (i.e., heating rate dependence of crystallization behavior), is closely related to the initial devitrification mechanism of glass. 19) In order to compare the thermal stabilities of Fe-TM-B-Y alloy glasses, further clarification of the initial devitrification mechanism is required. The (Figs. 8(b) and (d)), respectively. It is indicated that the glass alloy at higher temperature region of the CHT curves show higher thermal stability compared with those at lower temperature region. Therefore, it is noted that the addition of Y is effective in suppressing the devitrification of the amorphous structure in the Fe-TM-B-Y system during heating.
Conclusion
The glass forming ability improves when small amount of Y is added in Fe 70 TM(TM=Mn, Mo, Ni) 13 alloys, the T x =T L value increases with increasing x, indicating an improvement of glass forming ability. The glass forming ability improves when addition of Y decreases the melting temperature, and, at the same time, increases the crystallization onset temperature and glass transition temperature. Extended Kissinger analysis of the DSC data indicates that a kinetic boundary for the formation of the amorphous phase widens by addition of Y. 
